Unmodified AlSi20 alloy were casted at the research station, allowing for sequential multipoint cooling using a dedicated computer-controlled program. This method allows for the formation of the microstructure of hypereutectic AlSi20 alloy and also increases hardness. Primary silicon dendrites were found in the microstructure of cooled samples. Based on these dendrites, the formation of primary silicon particles is explained. Cooling of casting die with a water mist stream causes changes in solidification, which leads to expansion of the boundary layer with columnar crystals and shrinkage of the core zone with equiaxed crystals. It also causes more regular hardness distribution around pre-eutectic Si crystals, which can lead to tensile strength and machinability improvement.
Introduction
The use of water mist cooling of die can increase the efficiency of aluminium alloys [1] . Władysiak (2013) investigated the effect of water mist cooling on the properties of hypoeutectic AlSi7Mg alloy and also indicated optimal process parameters. Yamagata et al. (2008) reviewed the positive influence of intensive die cooling, resulting in the rapid solidification of mechanical properties and the quality of castings. Heat transfer efficiency causes a reduction in the primary Si particle size and a decrease in secondary dendrite arm spacing as reported by Shabestari and Malekan (2005) . The equivalent diameter of the primary Si decreased from 89.7±17.3 to 16.5±3.8 μm and the SDAS from 22.1±5.9 to 5.1±0.8 μm, with an increase in the cooling rate from 4.9 to 82.9 K/s. In science and industry, various methods are available for die cooling and these are used particularly in high pressure die casting technology. One of these methods uses pressured air. Shen and Lü (2014) investigated the efficiency of this technology and its influence on castings. Unfortunately, this method does not make possible heat flux higher than 782 W, as pointed out by Władysiak (2010) . The other approach is to use running water or another type of coolant in the channels or pipes installed inside the die as described in Cho and Kim (2014) . The effect of doing this is significant. Increasing the cooling rate caused a reduction in the primary Si particle size and a decrease in second dendrite arm spacing. This method can provide a cooling rate of 110 K/s in HPDC and is therefore extremely efficient. Hejazi et al. (2010) achieved cooling rate of 292 K/s using a copper mold and the significant increase in hardness of the casting was observed. There are * LODZ UNIVERSITY OF TECHNOLOGY, DEPARTMENT OF MATERIALS ENGINEERING AND PRODUCTION SYSTEMS, 1/15 STEFANOWSKIEGO STR., 90-924 LODZ, POLAND # Corresponding author: arturkozun@gmail.com also investigations that have combined cooling channels with an electric heating system inside in order to increase the temperature of the die before casting [9] . The drawbacks of these solutions are high coolant consumption, despite the process running in a closed circuit, the high cost of implementing such a system in die and the small range for controlling the cooling rate. In cited research, CR was regulated only by the thickness of casting. Additionally, there is no possibility for easily achieving CR diversity in the different parts of the casting or to eventually change it during the casting process after the die has been produced.
In the literature, we found one investigation that used water mist cooling, but it was used to directly cool the casting. Nowak et al. (2013) applied the system of "water spray nozzles" in the continuous casting of extruded profiles. Quenching improved the mechanical properties, despite being applied after the solidification process, which was done so as not to influence the creation of pre-eutectic Si particles. Kang et al. (2015) investigated the post solidification intensive riser cooling method (PSIRC). Risers are cooled by forced air or water mist from its top surface at the moment that the solidification of a casting is finished. The risers are then turned into cooling passages during the cooling process of a casting, in contrast to their function of feeding passages during the solidification process. Again, for this method, cooling starts once solidification has finished. The strength and hardness at the bottom of the riser were improved; meanwhile, its residual stress was greatly reduced.
In this research the cooling undergoes via the evaporation of water droplets on the hot surface of the casting die during the solidification process. An analysis of earlier studies indicates that the cooling of mould with the water mist stream is more efficient than cooling with other mediums. This approach enables the shaping of microstructures and achieving high quality casts made of neareutectic silumins with improved properties. This means that the positive effect of this method is similar to the effect of using alloying additives, which is already a well-known method for improving alloy properties as reviewed by Rapiejko et al. (2014) . Heusler and Schneider (2002) investigated the influence of alloying elements on the eutectic temperature and the eutectic depression as essential thing for assessing the quality of a modification treatment by means of thermal analysis. There are other low-cost methods for improving castings quality and mechanical properties, such as the tilting position of mould during pouring or applying vibrations [14] . No other method has as many advantages as cooling die with water mist.
The efficiency of the heat transfer process is largely determined by the characteristics of the generated stream, optimization of the amount of air and water in the mist stream and the adequate spraying of water.
The aim of the study was to investigate the effect of water mist cooling on a microstructure, hardness and the way in which solidification of hypereutectic Al-Si alloy takes place. Castings made of these Al-Si alloys are used for heavy-duty pistons in combustion engines. They have good casting properties, corrosion resistance, good mechanical properties at elevated temperatures, abrasion resistance and a low coefficient of abrasion and thermal expansion.
Experimental
The study was conducted on a working station (shown in Fig. 1 ) using the mould presented in Fig. 2 . The water mist was produced in the device (1, 2), which dosed the appropriate amount of water and its dispersion in the air by centrifugal spraying of water in a stream of compressed air (3) . Previous work by the author proved that the highest heat flux can be achieved by applying water pressure of 0.35 MPa and air pressure of 0.3 MPA, and water and air proportions of 0.156 l/min and 350 l/min, respectively [6] . Xu et al. (2014) conducted extremely precise research about the influence of air pressure on heat flux in hot aluminium surface quenching and found that in various ranges of temperature, heat flux appears to be different; as such, it also requires various parameters of water mist for each range to achieve best efficiency. Further investigation will aim to create a system of changeable water mist parameters during the cooling process.
The mould was cooled with cylindrical nozzles placed perpendicular to the mould surface. The research mould ( Fig. 2) was made of X38CrMoV51 (10) steel. The thickness of the mould wall was 4 mm. The initial temperature of the mould was 175°C ± 25°C. It was heated by a gas jet before each casting. In the body of the mould, three symmetrical cooling nozzle sections were installed. Nozzles were arranged so that each nozzle section of the mould cooled one zone of the casting. The length of the nozzles was 330 mm. The internal diameter of the nozzles was 4 mm and the external diameter was 6 mm.
The control of cooling nozzles was carried out using computerized control system cooling developed by Z-Tech. The software system includes a set of functions and procedures for monitoring and controlling the process of generating a multicircuited water mist cooling system using a pre-drafted program. The mist was applied automatically at the moment when the thermal couple detected liquid metal. The thermal couple was placed inside the mould, in its central are, as indicated in Fig. 2 . The water mist cooling was removed after 60 s. The distance of the nozzle to the mould's wall surface was 13 mm. The action area of the mist from the nozzles was limited to an open region.
The test pieces were cast in the mould at a diameter of 10 mm in the central area and 12 mm in the upper and lower areas. The length of the test pieces was 178 mm. Synthetic hypereutectic silumin AlSi20 was used -the chemical composition is shown in Table 1 . The shape of the specimen was determined by the type of mould used in this experiment which was the mould traditionally used in tensile strength tests.
The cooling effect on the resulting microstructure was evaluated using a Nikon MA200 microscope. Hardness was measured by microindentation using a HV-1000B Tester set to the norm of ISO-6507-2.
The temperature during solidification was measured using the thermocouple placed inside the casting die. 
Results and discussion
In this paper, the following aspects are presented: -layered solidification and expansion of the boundary layer as the result of rapid cooling -specific microstructure caused by water mist cooling of die -hardness alongside the diameter of the probe and around equiaxed crystals
Change in solidification
The temperature was measured in the cast during solidification; temperature is shown in Fig. 3 . Water mist cooling of the casting die caused a decrease in solidification time by nearly 50%. Solidification rate increased from 2.953 K/s to 6.678 K/s, i.e., by 126%. Liquidus and solidus temperatures decreased by 16.95 K and 17.27 K, respectively. Liquidus and solidus temperatures were determined based on the derivative curves from Fig. 3 . Table 2 shows solidification parameters comparison. In the castings, two areas of the microstructure can be observed [16] . The first is the boundary layer, which consists primarily of columnar crystals with a thick layer of small, frozen and equiaxed crystals;this is known as the chill zone. The second area is the core, which contains mainly large, equiaxed crystals. These are spherical and randomly oriented.
Simultaneous solidification dominates in the core section. This occurs in the portion of metal between the solidified and liquid parts. On both surfaces that border the solidification area, different stadiums of solidification are observed. The criterion for simultaneous solidification is that the crystallization temperature range should be much higher than the decrease in the cast temperature:
where ΔT k -is crystallization temperature range and δ 1 T -is the decrease in temperature in the cast.
In the boundary layer, directional solidification dominates. This occurs on the surface that borders the solid and liquid phases. The criterion for directional solidification is that the crystallization temperature range should be much lower than the temperature decrease in the cast:
Microstructure
Segregation was observed in the microstructure of obtained castings, which caused a variety of cross-sectional cast microstructures between two areas: the boundary layer and the core (Fig 4) . The samples were taken from the central area of the casting, very close to the thermal couple. This study shows that the use of sequential test chill cooling during crystallization and cooling caused a 34% increase in the thickness of the boundary layer region, while reducing the diameter of the core from 8.20 to 5.38 mm. The segregation of the core cast was observed in a concentrated form, while for uncooled casting, segregation was dispersed. The boundary layer consisted of many more pre-eutectic crystallized α phase dendrites than was observed in the core. Fig. 5 illustrates segregation more precisely via panoramic images taken alongside the diameter of the probe.
Sequential spot cooling with the use of water mist allows for layered solidification, leading to an increase in the participation of directional solidification. This may improve the quality of casting, as in general, directional solidification allows for eliminating defects and reducing shrinkage porosity in castings as reported by Ghedjati et al. (2015) . It also increases the homogeneity and fineness of the microstructure.
Common problems of Al-Si alloys are high friction and abrasive wear coefficients. In automotive industry these alloys are widely used to produce engine blocks and pistons. Unfortunately it demands applying of protective coatings and iron liners. Many researchers try to find correlation between various factors and wear rate. Kubiak et al. (2011) reported that initial surface roughness has big influence on friction and wear processes under fretting conditions. Lower initial roughness reduces wear rate and smooth surface delays activation of wear process. Columnar crystals showed in Fig. 6 may have positive influence on wear resistance of Al-Si alloys. Additionally thicker boundary layer means the possibility of designing bigger machining allowance and sureness that the final surface will be in the area of directional solidification. Future work of the authors will be tribological research of Al-Si alloys and water mist cooling.
The microstructure of the core of the cast made in the water mist cooled mould is characterized by pre-eutectic crystallized silicon dendrites. This microstructure is novel, as in the literature, no similar cases were found. The most common shape of primary Si is a brick and this appears in the majority of papers as pointed out by H Yamagata et al. (2008) .
The Si dendrites were built with thick branches of the first order, which grew from the nucleus in various directions and had much thinner edge parallel branches in the second row (Fig. 7d-f ). Many investigations of dendritic growth and its parameters in the aluminium phase have been conducted [20] . Dendrite coarsening during directional solidification of Al-CuMn alloys has been explained in detail by Chen and Kattamis (1998) . It was shown that SDAS is proportional to t 0,43 , t being the local solidification time [22] . However, what was not found in any publication was an example of pre-eutectic Si dendrites. Even in rapidly solidified samples in the form of thin ribbons, which were prepared using a single roll melt spun technique and where CR could be obtained over 100 K/s, there were no such microstructures as reported by Karpe et al. (2013) . A search for similar examples was also conducted in the literature for sprayformed alloys where it was possible to achieve a solidification rate in the range of Compared to the microstructure of the probe obtained without using a cooling system (Fig. 7a-c) , there are no dendritic shapes in its microstructure. Sharp silicon brick shapes were dominant.
Changes in the morphology of crystallizing phases were likely the result of concentrated supercooling. This is caused by the high cooling rate of silumin, which prevents equalization of the concentration of the chemical composition in the melt. Under such conditions, there was rapid enrichment of liquid in aluminium phase (α), which is located in the spaces between the dendrite Si branches.
Observation of many primary silicon crystals during the present work has led to the suggestion that the growth of primary particles occurs in four stages, as suggested in Fig. 8 . Stage 1 shows the Si nucleus with an irregular shape and thin branches of the first order, which grew in almost perpendicular directions. Branches in the second row are very thin and have random lengths. In stage 2 the nucleus is massive and together with The high heat flux prevented the branches coarsening and solidification of the particle as shown at stage 4. The particles stop growing at stage 1, 2 or 3 because of supercooling. In effect they did not need as much silicon to grow as solid particle from stage 4. This means that more silicon left in liquid and other particle had opportunity to start growing. This also suggests that the eutectic was more reached with silicon. This was proved by the hardness test.
Hardness
It was shown that very high CR significantly increases hardness [26] . By applying CR = 104 K/s in the solidification process, the hardness of hypereutectic alloy Al-16 wt.%Si increased from 601.6 ±60.6 to 1892.2 ±87.4. Such a significant improvement can only be achieved using the melt-spinning technique. Jones (1996) searched for optimal CR above 10 2 K/s to achieve the highest hardness of the casting. No papers investigating the hardness of gravity die castings cooled by water mist or other low-cost methods were found. In order to prove the positive influence of the presence of columnar crystals in the boundary layer, hardness of the water mist cooled probe was measured by microindentation testing method. Change in hardness alongside the diameter is shown in Fig. 9 . The highest average HV value was observed in the core of the probe in the area of a diameter of 2.5 mm and an average 99.5 HV. This relatively high value was the result of a large amount of silicon primary crystals obtained in this area.HV value decreased in the direction of the edge of the probeand reached a minimum value of 80.1 HV, alongside a decrease in the presence of silicon primary crystals. HV value increased significantly in the boundary layer, from a diameter of 5 mm up to the edge of the probe and reached a maximum value of 96.7 HV. Higher hardness in this area may have been the result of the presence of columnar crystals. This proves the positive effect of water mist cooling on the hardness of the cast.
Additionally, hardness around equiaxed crystals and dendrites was measured in the probe for both uncooled and cooled with water mist instances. Fig. 10 represents the average values found. Around the crystals in the uncooled probe, hardness decreased from above 800HV to 66.8HV at the point around 85 μm from the centre of the crystal (Fig. 10a) . It then increased gradually until reaching a value of 72HV (Fig. 10b) . These areas of lower hardness around much harder crystals may cause weakness in these areas of the material, which may degrade tensile strength.
Application of water mist cooling caused hardness around dendrites to gradually decrease from 643.9 HV to 71.5 HV (Fig. 10c) . These conditions favour more regular tension distribution, which can possibly lead to an improvement in tensile strength.
The average hardness of the eutectic in the uncooled probe was 69.2 HV and in the water mist cooled probe it was 85.8 HV, making it 24% greater.
Conclusions
This study indicates that the use of water mist cooling of the moulds: -shortens solidification time by up to 50% for hypereutectic AlSi20 alloy, -decreases liquidus and solidus temperatures by nearly 17 K, -causes the formation of pre-eutectic silicon dendrites in the microstructure of hypereutectic Al-Si alloy, -the expansion of the cast boundary layer in the presence of columnar crystals by up to 34% and shrinkage to the core zone in the presence of equiaxed crystals, -causes more regular silicon distribution in the hypereutectic Al-Si alloy, -increases the hardness of the eutectic by 24%, -leads to an overall improvement in hardness of the expansion boundary layer and provides more regular hardness distribution around crystals, -may improve the tensile strength and the machinability of castings. Fig. 9 . Hardness alongside the diameter of the water mist cooled probe; s -distance from the edge of the probe 
